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General principles

• Neutrons do not like to interact with materials in general
• Neutron interaction is generally 

• Isotope-dependent
• Neutron energy dependent (the lower the energy, the more likely will the interaction happens)
• Reducing neutron energy by moderation can make detection more likely
• Shielding a neutron detector with e.g. cadmium can “reject” lower energy thermal neutrons to 

detect only epithermal neutrons
• Some “special” materials can detect neutrons
• Need electric signal to detect something electronically
• Some detectors like bubble chambers do NOT produce electric signals
• Neutron detector materials are highly absorbing and can typically also be used for 

shielding or collimation
• Focus on neutron detectors for scientific applications, for health physics/radiation 

protection applications see e.g. https://www.nrc.gov/docs/ML1122/ML11229A713.pdf



Characteristics of Neutron Detectors
• Interaction of the neutron with the detector material
• Half-life of the nuclear reaction
• Emission time of photons resulting from γ and neutron capture (discrimination)
• Dead time (while photons from a capture event are emitted, the detector is blind)
• Gamma sensitivity (neutrons rarely occur without gammas)
• Sensitivity/efficiency 

• Generally varies as a function of neutron energy, need to know neutron energy
• Can be used to “filter” neutron fluxes 

• Measurement of dose rate (total intensity) vs. time-of-flight (intensity as a function of time)
• Operational requirements:

• High voltage
• Vacuum
• Toxic materials (e.g. BF3 gas counters)
• Radioactive materials (e.g. uranium fission chambers)



Interactions allowing to detect neutrons:
Prompt reactions
• Absorption ⇒ leads to activated nucleus ⇒ leads to decay

• Need large probability of neutron capture (“absorption”) otherwise efficiency 
is too low (neutrons just pass through)

• “Prompt” decay: “short” half-life of the activated state
• What “short” means depends on the application: 

• For thermal (meV) neutrons, flight-path length is from 1-100 m ⇒ time-of-flight is on the 
order of milliseconds, therefore ~1 microsecond might be acceptable depending on flux 
an resulting dead time

• For fast (MeV) neutrons, with the same L, time-of-flight is on the order of microseconds 
⇒ prompt is <10 ns

• Examples are helium-3, lithium-6, boron-10, uranium-235, gadolinium 



Interactions allowing to detect neutrons:
Reactions with longer half-lives
• Absorption ⇒ leads to activated nucleus ⇒ leads to decay

• Need large probability of neutron capture (“absorption”) otherwise efficiency 
is too low (neutrons just pass through)

• “Slow” decay: “longer” half-life of the activated state
• What “longer” means depends on the application: 

• Radiation monitoring  (half life spreads out high instantaneous flux)
⇒ half-life needs to be short enough to alarm within seconds

• Absolute flux measurement
⇒ half-life needs to be long enough to walk from beam line to counter, 
⇒ short enough to be done counting within minutes or hours

• Examples are gold, silver



Interactions allowing to detect neutrons:
Proton recoil
• Scattering or “proton recoil”
• MeV neutron knocks out atoms in the detector
• Knocked out atoms create ions
• The more energy is transferred, the more likely/easy to detect
• Most energy is transferred when mass of knocked out atoms is ~mass 

of neutron ⇒ hydrogen atoms ⇒ “proton recoil”
• Examples are plastic scintillators (EJ200), organic glasses 



Scintillators
• Scintillator: Material that exhibits luminescence (emits light) when excited by ionizing radiation
⇒ for detection material needs to be transparent for visible light
⇒ either clear glass, clear liquid, clear plastic, or clear single crystals
⇒ grain boundaries in polycrystalline material stop light

• Light generation can be achieved by nuclear reaction (<1 keV neutrons) or proton recoil (>0.5 MeV)
• Nuclear reaction must have “short” half-life (depends on event rates, applications etc.)
• Light is typically amplified by photo-multiplier tube (PMT) and converted to electrical signal
• Emitted light pulse for neutron or gamma is ideally different
⇒ pulse shape discrimination (PSD)

• Alternatively, light can be viewed by camera for radiography
• If too many events, setup can be used in current mode (no individual events, no dead time)

https://academy.berkeleynucleonics.com/courses/655995/lectures/11699530



Scintillators: Pulse shape discrimination

• Example: LiF:ZnS(Ag)
⇒ Mixture of Li-6 enriched lithium fluoride and 
zinc sulfide doped with silver
⇒ Used for neutrons <100 eV

• Digitized photomultiplier output provides 
electric signal for 

• Gammas (high pulse, <300 ns short)
• Neutrons (lower pulse, >300 ns)
• Noise (lower pulse, <200 ns)

• Signals allow to discriminate gammas from 
neutrons

• Parameters depend on the scintillator material
• Art is to create materials that make 

discrimination easy, have low noise, allow to do 
this in short time (avoid dead time) etc. (life is 
full of compromises)

Pritchard et al, IEEE Transactions on Nuclear Science 67 (2020) 414



Scintillators: Pulse shape discrimination

• Example of pulse shape discrimination for 
LiF:ZnS(Ag):

• Integrate measured voltage for region W1 typical for 
gamma event duration

• Integrate second region W2 after region W1 for longer 
period

• Record events for a pure gamma source (Cs-137)
• Record events for a neutron source (has also gammas)
• Plot integrated values for W2 vs. W1

• Optimize integration windows, find thresholds etc.
• Problem: No radiography with photomultipliers, 

dead time can become an issue (detector 
saturation)

Pritchard et al, IEEE Transactions on Nuclear Science 67 (2020) 414



What makes a good neutron detector?

• Besides getting light out, a good neutron detector has a high 
probability to interact with a neutron…

• Absorption cross-section!
• Good source for cross-sections:

Table of Nuclides at Korea Atomic Energy Research Institute 
(https://atom.kaeri.re.kr/nuchart/)

https://atom.kaeri.re.kr/nuchart/


Obtaining cross-sections:
Open https://atom.kaeri.re.kr/nuchart/

https://atom.kaeri.re.kr/nuchart/


Obtaining cross-sections
Search for boron ⇒ “B”, find stable isotopes



Obtaining cross-sections
Select B-10, open ENDF record, click “plot”, click 
“Add to XSViewer”



Obtaining cross-sections
Select B-11, open ENDF record, click “plot”, click 
“Add to XSViewer”, click “Open XSViewer”



Cross-sections for B-10 & B-11 compared
⇒To study borides you want B-11!



Cross-sections

• Neutron cross-sections are energy-
dependent
⇒ Choice of detector material 
depends on the energy range of 
interest!

• Neutron cross-sections are isotope-
dependent
⇒ must be a stable isotope
⇒ Choice of detector material 
depends on how abundant that 
isotope is, how cheap, how harmful 
etc. (life is full of compromises)

• Cross-sections >1000 barns tend to be 
useful



Cross-sections

• Neutron cross-sections can be 
measured for different types of 
interactions

• For detection we typically care about 
capture reactions

• Total cross-section is a good start
• (n,α) tend to be good reactions for 

detectors
• For B-10, total cross-section up to 

~100 keV is dominated by (n,α)
⇒ therefore… 



Boron-based detectors

• Energy release is kinetic energy of particles or γ
• Kinetic energy can ionize more particles
• In an electric field that can ionize more particles ⇒ avalanche
• Avalanche of charged particles ultimately becomes measureable 

electric signal
⇒ A neutron was detected! (or a γ, don’t be fooled)



Boron-based detector: “Tremsin detector”
Multi-channel Plate TimePix Radiography Detector

• If a neutron hits a boron-doped glass plate with pores (“channels”), 
the energetic particles from the absorption reaction create free 
electrons

• With a vacuum around the plate and ~2keV electric field (under a 
few degrees angle to the pores), more electrons are ionized (think: 
photo-multiplier)

• Install multi-channel plate with vacuum and electric field in front of a 
TimePix chip ⇒ ~106 electrons provide enough charge to be 
detected by a TimePix chip

• Detector provides x,y,t⇒ TOF radiography detector, 55 µm pixel size
• Pore size ~8 µm, angle 3°, diameter 33 mm

⇒ No spread of signal by much more than pore size
⇒ Good resolution
⇒ Four TimePix chips cover 28x28mm2

• This detector pioneered the field of energy-resolved neutron 
imaging (ERNI) and Bragg-edge radiography & tomography (BERT)

• Each pulsed neutron user facility has at least one!
• Significant γ sensitivity
• Technology originally developed for Hubble telescope (Space Science 

Laboratory at UC Berkeley)

Tremsin, A.S., McPhate, J.B., Vallerga, J.V., Siegmund, O.H.W., Kockelmann, W., Steuwer, A. and 
Feller, W.B., 2011. High-resolution neutron counting sensor in strain mapping through 
transmission bragg edge diffraction. IEEE Sensors Journal, 11(12), pp.3433-3436.



Boron-based detector:
ERNI with Tremsin detector

• Some isotopes have so-called neutron 
absorption resonances
⇒ cross-section changes from ~10 barns to 
>1000 barns for energy range of ~0.1 eV

• Allows to identify isotopes in a neutron 
beam but also to quantify the density from 
the known cross-section

• With 2D mapping, 3D tomography can be 
produced

• Energy-resolved neutron imaging requires 
transmission signal for each pixel 
⇒ requires efficient radiography detector

Losko, Adrian Simon, and S. C. Vogel. "3D isotope density measurements by energy-resolved 
neutron imaging." Scientific Reports 12.1 (2022): 6648.



Boron-based detector:
BERT with Tremsin detector

• Bragg’s Law: Diffraction happens if and only if
λ=2dsinϑ

• Bragg-edges are formed in the transmitted signal 
when a set of lattice planes is excluded from 
Bragg-scattering because λ>2d
(λ grows with time-of-flight at a pulsed source, 
sinϑ cannot be greater than 1)

• Can be used to discriminate e.g. bcc α-Fe from fcc
γ-Fe (ferrite/austenite in steel)
⇒ density difference is ~2%, difficult to resove
with e.g. X-ray CT

• Bragg-edge radiography and tomography
Woracek, Robin, et al. "3D mapping of crystallographic phase distribution using energy-
selective neutron tomography." Adv. Mater 26.24 (2014): 4069-4073.



Boron-based detector:
High count rate liquid scintillator detector

• Absorption cross-section of B-10 at 10 keV neutron energy 
has dropped to <10 barns

• Trick: Slow down a 10 keV neutron to 10 eV
⇒ cross-section back to >200 barns

• Slow down = moderation ⇒ add H to the scintillator
⇒ trimethyl benzene solvent loaded with B-10-enriched 
trimethyl borate C3H9BO3

• Fill a 43 cm diameter, 4 cm thick tank with that, view the 
downstream side with 55 photo-multiplier tubes
⇒ 500 MHz counting event rate 
⇒ efficiency of 95%, 85%, and 71% at neutron energies of 10, 
100 and 1000 eV, respectively
(Tremsin detector: ~70% and 50% at 0.005eV and 0.025 eV, 
respectively)

Yen, Yi-Fen, et al. "A high-rate 10B-loaded liquid scintillation detector for parity-violation 
studies in neutron resonances." Nuclear Instruments and Methods in Physics Research Section 
A: Accelerators, Spectrometers, Detectors and Associated Equipment 447.3 (2000): 476-489.



Boron-based detector:
Nuclear physics with liquid scintillator detector

• Parity violation can be observed by detailed 
neutron absorption resonance line profile 
analysis

• For some isotopes, the relevant resonances are 
>100 eV, e.g. Sb-121, Sb-123
⇒ Neutron flux provided by water moderator 
is low at those energies
⇒ Cannot afford to miss neutrons
⇒ Need efficient detectors where B-10 has 
dropped to <50 barns
⇒ Used 500 MHz liquid scintillator detector

• Also could use the <1ns pulses of a LDNS!
Matsuda, Y., et al. "Parity violation in neutron resonances of antimony and iodine." Physical 
Review C 64.1 (2001): 015501.



Boron-based detector:
Materials science with liquid scintillator detector

• Bragg-edges can be detected quicker 
than diffraction peaks (at the cost of 
having to watch a small change in a 
large signal)

• Time-sensitive phenomena such as 
phase transformations or chemical 
reactions can be probed with Bragg-
edges

• Reduction of nickel-oxide to nickel is 
an example

• Data was collected with 30 seconds 
count time using the liquid scintillator 
detector

• Weight fractions and lattice parameters 
can be derived from Bragg-edges

• Could be done much nicer today with 
imaging detector

Vogel, S., et al. "In-situ investigation of the reduction of NiO by a neutron transmission 
method." Materials Science and Engineering: A 333.1-2 (2002): 1-9.



Integrated Circuits contain B-10

• Neutron absorption 
reactions can happen in 
integrated circuits 
containing B-10

• If spatial location of a bit in 
e.g. RAM module is known, 
a neutron detector can be 
built from RAM modules 
(has been demonstrated, 
but not overly useful…)



Helium-3

• Low concentration in natural abundance
• Needs to be enriched
• Makes it more expensive than a material that can be 

used in natural composition
• He-3 is only stable isotope of any element with 

more protons than neutrons

• Tritium decays back into He-3 ⇒ Life-time is not 
limited by “detecting”

• Slightly higher cross-section than B-10 – but B-
10 can be a solid, helium gas at room 
temperature ⇒ ~1,000 less dense



He-3 neutron detector tubes
• He-3 enriched to ~20 at%. In the gas
• Principle of a Geiger-Müller counter:

• Capture happens
• Energetic particles ionize gas atoms
• Ions and electrons are accelerated in 1-2 kV electric field and ionize more
• Avalanche generates enough charge to provide measurable electrical signal

• Geiger-Müller counters also work with BF3 gas detectors but He-3 is much less hazardous
• Neutron by itself does  not ionize, needs to be captured
• Same for gammas ⇒ low gamma sensitivity
• Container material typically aluminum or steel, gas pressure several atmospheres
• Diameters typically 10-50.8 mm (½ to 2` inch), lengths from 60 to 2000 mm
• Spatially resolved only along tube with run-time of electrical system

⇒ often one tube is a large pixel
• Typically used for thermal neutron scattering/neutron diffraction
• Dead time

By Dougsim - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=22417438



He-3 neutron detector tubes
Example: Diffractometer at LANSCE
 HIPPO: HIgh Pressure – Preferred Orientation 
 Detector coverage: 4.9 m2, 22.3% of 4π

(1200 3He tubes on 53 panels)
 General purpose diffractometer

- Crystal structure analysis
- Texture measurements
- Sample environments for

temperature, stress, pressure,
magnetic field etc.

 Measurement time for texture:  1-10 minutes 
 Moderator-sample distance: 8.83 m
 Beam spot: 10 mm Ø
 Thermal flux: ~107 n/s/cm2 Sample chamber: ~1m3, 73.4cm ∅ opening
 How do you think the He-3 tubes are arranged for diffraction?

Wenk et al., NIM, 515 (2003) 575. Vogel et al., Powder Diffraction, 19 (2004) 65, Takajo & Vogel, J. Appl. Cryst. (2018). 51, 895–900, Schmitt et al. J. Appl. Cryst. (2023). 56, 1764–1775.



He-3 neutron detector tubes
Example: Diffractometer
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He-3 neutron detector tubes
Example: Diffractometer
• Material characterization using powder 

diffraction: phase fractions, lattice 
parameters, crystal structures etc.

• ~ 0.5cm3 Quartz, 183 pulses@90µA (9 
seconds…)

• a=4.9160(2), c=5.4075(4)
• statistical uncertainty < 10-4

⇒ thermal expansion 10-5/K
⇒ useful experiments can be done

<1 minute count time useful ⇒ HIPPO detector coverage at a source providing 
~105 n/s/cm2 would still allow “overnight measurements” like lab-XRD
⇒ large detector coverage can recover weaker source flux!



He-3 neutron detector tubes 
Example: Tinman
• Tinman:

• Two He-3 detector tubes, one bare, one Cd shielded 
(thermal and epithermal neutrons)

• High voltage supply, readout electronics including 
storage that can operate autonomously in aircraft

Wender et al., Report on the Tin-II Thermal Neutron Detector, LA-UR2019-10-24, Wender, TINMAN Thermal Neutron Detector for Aircraft, LA-UR 2021-05-14 



He-3 neutron detector tubes 
Example: Tinman
• Tinman flew in ER-2 

airplane
• ER-2 is civilian version of 

U-2 spy plane
• Maximum altitude is 

classified
• Flew on 4 flights from 

NASA Armstrong Flight 
Research Center in 
Palmdale, CA



He-3 neutron detector tubes 
Example: Tinman
• Why care?

Novicki et al., Thermal neutron flux characterization at aircraft altitudes with the TinMan Detector in NASA aircraft, LA-UR2018-08-22,
Wender, TINMAN Thermal Neutron Detector for Aircraft, LA-UR 2021-05-14 



He-3 neutron detector tubes 
Example: Beam Monitors
• Measurement of source output needs calibrated, well understood beam monitors
• Neutron facilities utilize choppers to “chop” neutron beams for time-of-flight 

measurements
⇒ Chopper performance needs to be monitored

• Determination of count time also requires beam monitors
• Beam monitors should…

• …produce a sufficiently high count rate so good statistical accuracy may be obtained during 
the experiment

• …produce a sufficiently low count rate that it will not contribute significantly to the dead 
time of the data acquisition system

• …have good signal-to-noise characteristics
• …not significantly perturb the incident beam or produce significant backgrounds for the 

primary experiment
• …be relatively easy to set up and require a minimum of electronics to operate

Wender et al., Nucl. Instr. Meth. A (1993) 336 226-231



He-3 neutron detector tubes 
Example: Beam monitors

• Beam monitor: Vanadium foil in direct 
beam surrounded by He-3 detectors

• Vanadium scatters neutrons out of 
incident beam into He-3 detectors

• Number of counts provides measure for 
incident flux

• European Spallation Source is Lund has 
~3ms long neutron pulses (LANSCE, ISIS, J-
PARC: <1 µs)
⇒ need choppers for TOF
⇒ Each beamline has multiple choppers
⇒ Performance monitoring is an issue
⇒ Beam monitors are important

Maulerova et al., Phys. Rev. Acc. & Beams (2020)  23 072901



He-3 neutron detector tubes 
Example: Beam monitors
• Why vanadium?
⇒ Practically only incoherent scattering 
⇒ ~constant from 1 meV to 100 eV
⇒ Low absorption
⇒ easy to handle

• Calibration with fission chamber

Maulerova et al., Phys. Rev. Acc. &
Beams (2020)  23 072901



U-238/235: Fission Chamber

• Fission chamber is a beam monitor that can provide 
absolute neutron flux while removing only negligible 
amount of neutrons

• Fission cross-sections are very well known
⇒ with controlled thickness flux can be measured
⇒α particle spectroscopy can be used to measure areal 
density of uranium

• Absolute flux is needed e.g. for cross-section 
measurements

• Works for all neutron energies (with different coatings, 
e.g. more U-238 for MeV neutrons with fission threshold 
of ~1.5 MeV to avoid detection of previous pulse 
neutrons)

Wender et al., Nucl. Instr. Meth. A (1993) 336 226-231

U-235

U-238



U-238/235: Fission Chamber

• LANSCE fission chamber has several different 
layers (U-235, U-238, blank)
⇒ Utilize different cross-sections

• 16” fission chamber under construction
⇒ fission chambers can handle large area

Wender et al., Nucl. Instr. Meth. A (1993) 336 226-231



U-238/235: Fission Chamber

• LANSCE fission chamber has several different 
layers (U-235, U-238, blank)
⇒ Utilize different cross-sections

• 16” fission chamber under construction
⇒ fission chambers can handle large area

Wender et al., Nucl. Instr. Meth. A (1993) 336 226-231

Dosemeter, not a 
cell phone



Neutron Radiography with MeV neutrons:
Nanoguide scintillators
• Why neutron radiography with MeV 

neutrons?
• Demonstration from ~2015 by James 

Hunter, Ron Nelson et al. at 60R beamline
• Example: Hollow dU cylinder (15.24cm OD, 

4 cm wall thickness, 20.3cm tall, 62kg 
⇒hard with X-rays…)

• “Nothing says LANL like a Nambe green 
chili, a Kokopelli cork and two pyrite 
crystals imaged in a uranium cylinder” (Ron 
Nelson)

• 60R has been used to characterize MeV 
neutron scintillators produced by Sandia, 
TriTEC/PSI, LANL etc.

Courtesy J. Hunter, M. Espy, C. Gautier, R. Nelson

New Mexico parts with 
cylinder subtracted

CT slice of NM parts

Photograph



Neutron Radiography with MeV neutrons:
Nanoguides
• Scintillators turn MeV neutrons into light
• Light can be detected
• If light is proportional to neutron intensity, we can perform MeV 

neutron radiography
• Interaction probability of MeV neutrons with most materials is 

low ⇒ thick scintillator for efficiency
• Light (photons) must get out ⇒ optically transparent
• Light created by proton recoil emitted in all directions
⇒ spatial and temporal resolution lost when thick scintillator is 
viewed downstream
⇒ thin scintillator for spatial resolution 



Neutron Radiography with MeV neutrons:
Nanoguides
• MeV neutrons destroy cameras
⇒ mirror and shielding needed

• Resolution targets ⇒ compare e.g. 
line-spread function

• Fission chamber ⇒ compare light 
output



Neutron Radiography with MeV neutrons:
Nanoguides



Neutron Radiography with MeV neutrons:
Nanoguides
• Oftentimes there is a tradeoff between the 

resolution and light output of a scintillator:
⇒ Thicker scintillator = more neutron 
scattering events at the cost of spatial 
resolution due to light spread

• ‘Nanoguide’ scintillators developed at Sandia-
Livermore consist of bundles of organic 
scintillator glass threads (think fiber optics)

• Goal is to increase scintillator thickness 
without compromising resolution by guiding 
the scintillation light down these nanoscale 
domains!



Neutron Radiography with MeV neutrons:
Nanoguides
• Trick is to use organic glasses and 

draw ~100 nm diameter fiber 
channels

• Larger fiber diameter provide less 
advantage, spatial resolution is lost



Holy grail: Pulse shape discrimination for 
radiography
• Event-mode cameras allow to observe individual photons with 1.6 ns 

time resolution within the field of view
• After identification of an event cluster originating from a single 

particle, pulse shape discrimination can be accomplished
⇒ reject noise
⇒ reject gammas

• Allows also spatial and temporal event centroiding
⇒ better time-of-flight resolution
⇒ better spatial resolution

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode cameras:
Setup
• Event-mode camera Setup

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode cameras:
Data processing

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode cameras:
Data processing
• Clustering provides intensity 

vs. time data similar to a 
photomultiplier tube 

• BUT: In radiography mode
⇒ Clean up radiography 
images from noise and γ
⇒ Event-centroiding
improves spatial and 
temporal resolution

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode cameras:
Results
• Regular integrating radiography includes gammas, noise, no centroiding

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode cameras:
Results
• Event-mode camera rejects gammas, noise and improves resolution 

by centroiding

Losko et al., Scientific Reports 11 (2021) 21360



Event-mode camera:
MeV resonance imaging

Wolfertz et al., in preparation



Event-mode camera:
MeV resonance imaging
• Material identification 

with MeV neutrons
⇒ identify light nuclei 
while epithermal 
neutrons are sensitive 
to heavy nuclei

Wolfertz et al., in preparation



Gold activation:
Measure absolute neutron intensity
• Gold has fairly large absorption cross-section for 

thermal (<0.4 eV) neutrons
• Mono-isotopic ⇒ single reaction, easy calculations
• Half-life of Au-198: ~2.7 days, 
⇒ not too short, not too long

• Use one bare and one cadmium wrapped foil
⇒ Measure both thermal (<0.4 eV) and 

epithermal (>0.4 eV) intensities
• E.g. measurements at LANSCE described in detail 

by Ino et al. Nucl. Instr. Meth. A. 525 (2004) 496



Silver activation:
Pulsed neutron beam monitors
• Far West Technology, Inc. model 2080
⇒ standard monitor at LANSCE

• 9” polyethylene sphere moderates neutrons
• Two Geiger-Muller counters, one wrapped in silver 

foil, one in foil of tin
• Silver: Ag-107 and Ag-109 have substantial absorption 

cross-section for thermal neutrons
• Half-lives of activation products are 

~2:25 minutes and 0:25 minutes
⇒ reasonably fast for real time alarms



Bubble chambers

• Passive neutron dosemeter (no real time read out)
• Developed by Bubble Technology Industries,
• Bubbles form through induced nucleation of super-

heated droplets
• Bubbles are counted and converted 

to neutron dose
• Re-heat bubble chamber for re-use
• Insensitive to gammas
• Response to neutrons fairly flat from 

0.3 to 35 MeV
• Robust, no setup needed
⇒ Often first tests if neutrons were 
produced

Lewis et al., Radiation Protection Dosimetry 150 (2012) 1–21



Recent results from Fort Collins with bubble 
chambers
• 25J laser pulses at up to 3.3 Hz (burst mode, short time) or 1 Hz or less for hours
• Limiting factor for laser repetition rate is cooling of optics
• Goal of the beam time: Explore X-ray source size smaller than conventional X-ray sources 

for radiography applications
• X-rays produced by sending laser pulses on 1 to 3 mm thick tungsten disks ⇒

Bremsstrahlung
• Uneven surface of tungsten disks (micrometers) requires pre-scan to adjust laser focus to 

maximize yield
• Home-made motion control (alignment, rotation etc.)
• Some Bremsstrahlung X-rays are high enough in energy to produce photo-neutrons
• Tungsten happens to be one of the best materials for that to happen ⇒ decent neutron 

source
• Brought Tremsin neutron detectors from LANSCE to characterize LDNS at Fort Collins



Setup at Colorado State University



X-ray radiography & tomography
• X-ray CT reconstruction of 

turbo pump
• ~1000 single shots
• Small source size provides 

great magnification
• Short pulse length provide 

negligible motion blur for 
blades spinning at 40,000 rpm 
(pump was not spinning during 
the CT)

• MeV energies provide 
penetration through metal



Bubble Chamber Characterization

• Bubble chambers ~uniform sensitivity for neutrons between 0.3 and 
35 MeV ⇒ neutrons as produced, not thermal neutrons

• Number of bubbles proportional to dose
• Dose ~proportional to number of neutrons (correct conversion factor 

is important!)
• Normalize by solid angle (distance, chamber dimensions)



Bubble Chambers Results #1
Bubbles after 10 laser pulses on 3mm W 
disk 6 0

17 6

13       68   75  50 37   23      20
1” thick tungsten to shield X-ray 
radiography flat panel 
⇒ secondary target?



Bubble Chambers Results #2
• 1mm tungsten 

target produces 
~twice as many 
neutrons as 2mm 
and 3mm

• Off-center shift 
observed (no W 
block)

• Total number 
consistent with ~1 
million neutrons 
per pulse



THE END

Thank you for your attention!

sven@lanl.gov
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